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Crystal Structure of the 100 kDa
Arsenite Oxidase from Alcaligenes faecalis
in Two Crystal Forms at 1.64 A˚ and 2.03 A˚
phosphate; ATPase will arsenylate ADP, which subse-
quently spontaneously hydrolyzes to create a futile cycle
within the cell [1]. Bacteria overcome the toxic effects
of arsenite and arsenate by either actively exporting
them or by chemically modifying them to less toxic
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†Department of Molecular and Cellular forms. Arsenite can either be methylated directly or oxi-
dized to the relatively less toxic arsenate prior to methyl-Biochemistry
The Ohio State University ation [1].
Arsenite oxidase from the soil pseudomonad Alcali-Columbus, Ohio 43210
genes faecalis is a 100 kDa molybdenum- and iron-
sulfur-containing protein located on the outer surface
of the inner membrane of this Gram-negative organismSummary
[1]. It is arsenite inducible and functions to oxidize arse-
nite to arsenate according to the following reaction:Background: Arsenite oxidase from Alcaligenes fae-
calis NCIB 8687 is a molybdenum/iron protein involved
AsIIIO22 1 2H2O ! AsVO432 1 4H1 1 2e2in the detoxification of arsenic. It is induced by the pres-
ence of AsO22 (arsenite) and functions to oxidize AsIIIO22, Reducing equivalents generated in the course of the
which binds to essential sulfhydryl groups of proteins
reaction are subsequently transferred to the periplasmic
and dithiols, to the relatively less toxic AsVO432 (arsenate) electron acceptors azurin and cytochrome c to complete
prior to methylation.
the reaction sequence [1].
Although arsenite oxidase is thought to possess twoResults: Using a combination of multiple isomorphous
equivalents of the pyranopterin cofactor common to all
replacement with anomalous scattering (MIRAS) and mul-
molybdenum-containing enzymes other than nitroge-
tiple-wavelength anomalous dispersion (MAD) methods,
nase and can thus be assigned to the dimethylsulfoxide
the crystal structure of arsenite oxidase was determined
(DMSO) reductase family of enzymes [2, 3], it has some
to 2.03 A˚ in a P21 crystal form with two molecules in the unusual properties compared to the other members of
asymmetric unit and to 1.64 A˚ in a P1 crystal form with
this family for which crystal structures are known. In
four molecules in the asymmetric unit. Arsenite oxidase
particular, it has been shown by electron paramagnetic
consists of a large subunit of 825 residues and a small
resonance (EPR) spectroscopy to possess either a HiPIP
subunit of approximately 134 residues. The large subunit
[4Fe-4S] or [3Fe-4S] center and a Rieske-type [2Fe-2S]
contains a Mo site, consisting of a Mo atom bound to
center. These centers are not unreasonable in that the
two pterin cofactors, and a [3Fe-4S] cluster. The small
catalyzed reaction occurs with a potential of approxi-
subunit contains a Rieske-type [2Fe-2S] site.
mately 160 mV [4] and these iron centers are known to
typically have reduction potentials above 0 mV. Never-Conclusions: The large subunit of arsenite oxidase is
theless, the constitution of arsenite oxidase contrasts
similar to other members of the dimethylsulfoxide
with that of the five other members for which there are
(DMSO) reductase family of molybdenum enzymes, par-
structures, in which two possess only a single [4Fe-4S]
ticularly the dissimilatory periplasmic nitrate reductase
site (formate dehydrogenase H of E. coli and the Nap
from Desulfovibrio desulfuricans, but is unique in having
nitrate reductase of Desulfovibrio desulfuricans), while
no covalent bond between the polypeptide and the Mo
the remaining members (DMSO reductase from Rhodo-
atom. The small subunit has no counterpart among
bacter sphaeroides or capsulatus and trimethylamine-
known Mo protein structures but is homologous to the
N-oxide reductase from Shewanella massilia) have no
Rieske [2Fe-2S] protein domain of the cytochrome bc1 metal cofactors apart from the molybdenum center [1,
and cytochrome b6f complexes and to the Rieske do- 5, 6, 7, 8, 9].
main of naphthalene 1,2-dioxygenase.
We have determined the structure of A. faecalis arse-
nite oxidase in two crystal forms. Here we give a descrip-Introduction
tion of arsenite oxidase and compare it to other related
molecules.
Arsenic is broadly distributed in the environment, arising
from both natural and anthropogenic processes. Most
Results and Discussionspecific chemical forms of arsenic, including both arse-
nite (AsIIIO22) and arsenate (AsVO432), are toxic to some
Structure Determinationdegree. Arsenite binds to sulfhydryl groups of proteins
The structure of arsenite oxidase was determined usingand dithiols such as glutaredoxin, disrupting intracellu-
a combination of multiple-isomorphous replacementlar oxidation–reduction homeostasis. The toxicity of ar-
senate is derived from it being a structural analog of
Key words: arsenite oxidase; [3Fe-4S] cluster; [2Fe-2S] cluster;
crystal structure; molybdopterin cofactor; multiwavelength anoma-‡ To whom correspondence should be addressed (e-mail: pkuhn@
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with anomalous scattering (MIRAS) and multiple-wave-
length anomalous dispersion (MAD) techniques using
data from a P1 form with four molecules in the asymmet-
ric unit and a P21 form with two molecules in the asym-
metric unit (see Experimental Procedures).
The P1 and P21 forms were refined to 1.64 A˚ and
2.03 A˚, respectively. As the amino acid sequence was
not initially known, each residue was assigned manually
during the process of refinement on the basis of map
density and hydrogen bonding (see Experimental Proce-
dures). Subsequently, the model was corrected using a
partial sequence comprising approximately 70% of the
protein chain. Although the remaining 30%, or 284 resi-
dues, is expected to incorporate approximately 30 incor-
rect assignments, no residues referred to in the following
discussion are implicated.
Although at somewhat different nominal pH, 6.4 ver-
sus. 8.5, respectively, and despite marked differences
in crystal packing, the P1 and P21 structures are very
similar. Neglecting several residues at the N and C ter-
mini of the chains, the rmsd of the backbone atoms
(N, CA, and C) of the average P21 structure from the
corresponding atoms of the average P1 structure is just
0.7 A˚. Unless otherwise noted, the following discussion
refers to the higher resolution P1 structure only.
Structure Description
A. faecalis arsenite oxidase is a heterodimer consisting
of a large subunit of 825 residues, incorporating the
molybdenum center and a [3Fe-4S] cluster, and a small,
or “Rieske”, subunit of approximately134 residues, in-
corporating a Rieske-type [2Fe-2S] cluster.
The two subunits are intimately associated, with the
interface burying approximately 3790 A˚2 of accessible
surface area and including four backbone–backbone
hydrogen bonds and approximately 27 other direct hy-
drogen bonds. Together, they form an irregularly shaped
complex with overall dimensions of approximately 75 A˚ 3
75 A˚ 3 50 A˚ (Figure 1).
Figure 1. Stereo Ribbon Diagram of Arsenite Oxidase Looking
Down onto the Active Site
(a) Domains I–IV of the large subunit are drawn in blue, green, yellow,
Large Subunit and orange, respectively. The Rieske subunit is drawn in red. The
The large subunit of arsenite oxidase is divided into four molybdenum cofactor, [3Fe-4S] cluster, and [2Fe-2S] cluster are
domains (Figure 1), with domain I binding the [3Fe-4S] also shown. The oxo group coordinated to the molybdenum atom
has been omitted for clarity.cluster and the Rieske subunit and domains II–IV binding
(b) An exploded view of arsenite oxidase showing the individualthe molybdenum center. Domain I, comprising residues
domains.1–119, 532–558, and 622–657, consists of three antipar-
(c) A Ca trace of arsenite oxidase, with the large subunit in green
allel b sheets and six helices. The [3Fe-4S] cluster is and the Rieske subunit in red. Every tenth amino acid is labeled.
coordinated by the motif Cys21-X2-Cys24-X3-Cys28 The figures were prepared using the programs MOLSCRIPT [31]
near the interface with domains III and IV. Domain II, and POV-Ray.
residues 120–195, 424–531, and 559–621, and domain
III, residues 196–423 and 658–682, have similar aba
sandwich topologies, with a large b sheet packed by Molybdenum Center
A large, flattened funnel-like cavity bounded by domainshelices on either side. Domain II consists of a seven-
stranded, mainly parallel b sheet with five helices on I, II, and III leads to the molybdenum center located near
the center of the molecule (Figure 1). The Mo atom isone side and seven helices and a small, antiparallel,
two-stranded b sheet on the other. Domain III consists symmetrically coordinated to the four cis-dithiolene sul-
fur atoms of two antiparallel molybdopterin guanosineof a fully parallel, five-stranded b sheet with six helices
on one side and nine helices and a small, two-stranded, dinuleotide (MGD) cofactors that are firmly bound by a
network of hydrogen bonds and salt bridges in the spaceparallel b sheet on the other. Domain IV, residues 683–
825, is a six-stranded b barrel capped on both ends between the domains of the large subunit (Figure 2).
One MGD cofactor, conventionally labeled P, lies mainlywith a helix and flanked on one side by a further helix
and on the other side by three more. between domains II and IV, and the other, labeled Q,
Alcaligenes faecalis Arsenite Oxidase
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Figure 2. Schematic Representation of the Hydrogen-Bonding In-
teractions of the Molybdenum Cofactor
The average Mo-S and Mo5O distances in the P1 form are indicated.
Hydrogen bonds were identified using the program HBPLUS [32].
lies between domains III and IV. Both domains II and III
resemble the classical nucleotide binding fold [10] and
exhibit a marked pseudosymmetry relative to each
other, reflecting the pseudosymmetry of the molybde-
num cofactor.
In both the P1 and P21 structures, electron-density
maps show a fifth ligand, modeled as a single O atom
(Figure 3a). The short refined Mo–O distance of 1.6 A˚ in
Figure 3. Stereo Diagram of Annealed sA-Weighted Fo-Fc Omit Mapsboth the P1 and P21 structures suggests a Mo5O bond.
for One of the Four Molecules in the P1 CellThe overall coordination geometry is approximately
(a) Molybdenum center.square pyramidal, with the Mo atom displaced approxi-
(b) [3Fe-4S] center.
mately 0.8 A˚ from the mean dithiolene sulfur plane to- (c) [2Fe-2S] center of one of the 4 molecules in the P1 cell.
ward the axial oxygen atom. All maps are contoured at the 4s level. The figures were prepared
On the basis of a comparison with other members of using the programs CNS [26], XFIT [27], and POV-Ray.
this family of molybdenum enzymes, and consistent with
recent X-ray absorption studies of arsenite oxidase
(George et al., unpublished data), the five-coordinate is in fact an equilibrium mixture of oxidation states. How-
ever, if the molybdenum center is six-coordinate in thegeometry of the molybdenum suggests that the protein
has become reduced in the course of crystallographic oxidized state and five-coordinate in the reduced state,
then at least as far as this site is concerned, the equilib-data acquisition. Photoreduction of the metal centers
was also suggested by a shift of the Fe absorption edge rium must lie strongly toward the reduced side under
the conditions of data collection, as the metal appearstoward lower energy over the course of the MAD data
collection. In subsequent tests using P1 crystals, the clearly five-coordinate in both of the final P1 and P21
electron-density maps.energy of the Fe edge was also observed to decrease
by approximately 3 eV over a period of 20 min of X-ray
exposure. When a crystal was removed from the X-ray [3Fe-4S] Cluster
The [3Fe-4S] cluster is coordinated by residues of do-beam, the energy of the edge slowly increased with
time, suggesting that the Fe centers were becoming main I, approximately 14 A˚ from the Mo atom and 15 A˚
from the [2Fe-2S] cluster of the Rieske subunit. Struc-reoxidized and that during data collection, the crystal
Structure
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ture-based sequence alignment indicates that the se-
quence Cys-X2-Cys-X3-Cys-X26-Cys, binding the corre-
sponding [4Fe-4S] cluster in the dissimilatory nitrate
reductase [6] and formate dehydrogenase H [5], is
Cys21-X2-Cys24-X3-Cys28-X70-Ser99 in arsenite oxidase
(Figure 3b). The serine residue retains the position and
orientation of the fourth cysteine and appears to play a
role in electron transfer from the [3Fe-4S] cluster to the
Rieske [2Fe-2S] center (see below).
Rieske Subunit
The Rieske subunit of arsenite oxidase can be divided
into two subdomains, with an incomplete six-stranded,
antiparallel b barrel at one end of the protein (b2-b3-
Figure 4. Stereo Ribbon Diagram of the Active Site of Arsenite Oxi-
b4-b9-b10-b1), and the cluster binding subdomain con-
dase, Shown in Green, Superposed on the Active Site of NAP, Shown
sisting of the loop between b4 and b5 and a four-stranded in Blue
antiparallel b sheet (b5-b6-b7-b8) at the other (Figure 1b). For greater clarity, only the molybdenum center of arsenite oxidase
The Rieske-type [2Fe-2S] cluster is coordinated by Cys60 is included and the molecules have been clipped. Also shown is
and His62 from the b4-b5 loop and by Cys78 and His81 one end of the Rieske domain of arsenite oxidase in red and the
molybdenum center. The cysteine side chain coordinating the Mofrom the b6-b7 loop (Figure 3c). A disulfide bridge be-
atom in NAP lies near the metal atom. The corresponding alaninetween Cys65 and Cys80 holds the two loops together.
residue in arsenite oxidase is far from the active site. The figure wasThe imidazole rings of His62 and His81 coordinate the Fe
prepared using the programs MOLSCRIPT [31] and POV-Ray.
atom closest to the end of the protein and are exposed to
the surface of the subunit. In the complex, His62 is
arsenite oxidase is 2.4 A˚ and 2.6 A˚ for NAP and FDH,buried by the large subunit so that only His81 is exposed
respectively; 3.7 A˚ and 3.4 A˚ for the DMSO reductasesto solvent. Cys60 and Cys78 coordinate the other Fe
from R. capsulatus and R. sphaeroides, respectively;atom and are buried within the protein.
and 3.3 A˚ for TMNOR. A more sensitive score is the
structural diversity calculated using the program TOP3D
Comparison with Other Mo Enzyme Structures [12]. NAP and FDH are most like the large subunit, with
Although the large subunit of arsenite oxidase has rela- scores of 3.8 and 5.4, respectively, and R. capsulatus
tively little sequence homology compared to the five DMSOR, R. sphaeroides DMSOR, and TMNOR are con-
other members of the DMSO reductase (DMSOR) family siderably less homologous, with scores of 14, 12, and
of molybdenum enzymes for which structures have been 12, respectively.
determined, the overall topology is similar both with In all previously reported structures with a bis(molyb-
respect to the division into four domains and to the fold dopterin) molybdenum site, the Mo atom is coordinated
of the individual domains. The most significant differ- by the side chain of a serine, cysteine, or selenocysteine
ence between arsenite oxidase and the other proteins residue. In arsenite oxidase, the corresponding residue
is the absence of any covalent linkage between the is Ala199 and there is no covalent bond between the
protein and the molybdenum atom. As mentioned ear- Mo atom and the polypeptide chain (Figure 4). As a
lier, the large subunit also differs from the two previous consequence of this difference, the loop containing this
examples incorporating a [4Fe-4S] cluster, with a serine residue is folded away from the Mo site rather than
replacing the last cysteine residue in the cluster binding toward it as in the previous structures (Figure 4), and
motif to produce a high-potential [3Fe-4S] site. the active site is significantly more exposed than in the
Of the members of the DMSO reductase family for prior examples.
which structures have been determined, the large sub-
unit of arsenite oxidase is most similar to the dissimila- Comparison with Other Rieske-Domain Structures
tory nitrate reductase (NAP) from Desulfovibrio desul- The Rieske [2Fe-2S] subunit of arsenite oxidase is
furicans [6], with a sequence identity calculated using unique among known Mo protein structures but is similar
the program CE [11] of approximately 23%, and to the to the Rieske domains of cytochrome bc1 [13, 14], cyto-
formate dehydrogenase (FDH) from E. coli [5], with an chrome b6f [15], and naphthalene 1,2-dioxygenase [16].
identity of 20%. Both of these proteins have similar co- Figure 5 shows a superposition of the four known
factors to those in the large subunit of arsenite oxidase, Rieske-domain structures. As observed previously [16],
with a single [4Fe-4S] cluster found in place of the [3Fe- although all four Rieske domains retain the basic b bar-
4S] cluster in the present structure. As expected, the rel/b sandwich topology, the cluster binding subdomain
large subunit of arsenite oxidase is slightly less homolo- is much more strongly conserved than the rest of the
gous to the three proteins with no Fe-S cofactors: protein, with the cluster binding motif C-X-H-X15-C-X2-H
DMSOR from Rhodobacter capsulatus [8], DMSOR from in arsenite oxidase conforming to the known consensus
R. sphaeroides [7], and trimethylamine N-oxide reduc- sequence C-X-H-X15–17-C-X2-H.
tase (TMNOR) from Shewanella massilia [9], with se-
quence identities of 18%, 16%, and 15%, respectively. Reaction Mechanism
The above mentioned division also holds for the struc- On the basis of the present crystal structure, it is possi-
ble to draw several conclusions regarding the mannertural similarity. As calculated using CE, the rmsd from
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coordination sphere to give the reduced enzyme in the
crystal structure.
The obligatory two-electron nature of the chemistry
of this portion of the catalytic sequence provides a pos-
sible explanation as to why no Mo(V) EPR signal is ob-
served in the course of the reaction of enzyme with
arsenite [1]. The catalytic cycle is completed in the oxi-
dative half-reaction, which involves reoxidation, with the
addition and deprotonation of water to regenerate the
oxo group, which returns to the starting oxidized en-
zyme. This chemistry is directly related to that exhibited
by DMSO reductase and other members of this family
of bacterial enzymes for which there is chemical prece-
dent [2] and is specifically consistent with the observa-
tion that under single-turnover conditions in [18-O] wa-Figure 5. Stereo Ribbon Diagram of the Rieske Domain of Arsenite
ter, 18-O is incorporated into the molybdenum center asOxidase, Shown in Red, Superposed on the Rieske Domains of
Naphthalene 1,2-dioxygenase from P. putida, Cytochrome b6f from a terminal oxo (Mo5O) group (George et al., unpublished
Spinach, and Bovine Cytochrome bc1, Shown in Green, Blue, and data).
Yellow, Respectively
Also shown is the [2Fe-2S] cluster of arsenite oxidase and the cluster
binding side chains. The figure was prepared using the programs Electron-Transfer Pathway
MOLSCRIPT [31] and POV-Ray. Based on the arrangement of the metal clusters in arse-
nite oxidase, electrons generated by the oxidation of
AsO22 follow the path Mo![3Fe-4S]![2Fe-2S]. From
in which arsenite oxidase catalyzes the oxidation of ar- the Rieske [2Fe-2S] cluster, the electrons are then trans-
senite. Solvent access to the molybdenum center is ferred to a periplasmic electron acceptor, either azurin
provided by a hydrophilic channel. Near the base of this or cytochrome c [1].
channel is a cluster of amino acid residues, including The nearest Fe atom of the [3Fe-4S] cluster lies ap-
His195, Glu203, Arg419, and His423. A manual fit of proximately 12 A˚ from the Mo atom but less than 7 A˚
arsenite [as AsO2(OH)22] suggests that these residues from the partly conjugated pterin pyrazine ring system of
represent the substrate binding site of the enzyme. By the Q-MGD. There are several possible electron-transfer
analogy to other members of this family of enzymes and pathways from the pyrazine system to the [3Fe-4S] clus-
consistent with XAS and resonance Raman studies of ter (Figure 7). The shortest of these is from the pterin
oxidized arsenite oxidase (George et al., unpublished N8 atom to the carbonyl O atom of Ser238 and then
data), the oxidized form of the molybdenum center most through space to SG of Cys24 (N8–O 5 2.8 A˚, O–SG 5
likely possesses a terminal Mo5O group. Binding of 3.8 A˚). A longer pathway, mediated only by covalent and
arsenite by the indicated residues positions the As lone hydrogen bonds, is from the NH2 group via the carbonyl
pair of electrons appropriately for nucleophilic attack O of Asn704 to the side chain of Arg101 and then to the
on the Mo5O group of the oxidized molybdenum center S1 atom of the cluster (NH2–O 5 3.1 A˚, O–NH1 Arg101 5
(Figure 6). This reaction yields reduced molybdenum(IV) 2.8 A˚, and Arg101 NE–S1 5 3.4 A˚).
with product (arsenate) coordinated to the metal. The Electron transfer from the [3Fe-4S] cluster to the [2Fe-
reductive half-reaction of the catalytic cycle is com- 2S] cluster is likewise partly mediated by hydrogen
pleted by dissociation of product from the molybdenum bonds. In this case, the shortest path is from the S3
atom of the [3Fe-4S] cluster to the amide N atom of
Ser99, through the conjugated amide bond to the car-
bonyl O atom of Ser98, from the O atom across the sub-
unit interface to the imidazole NE2 atom of the Rieske
cluster binding residue His62, and finally to the [2Fe-
2S] FE1 atom (S3–N 5 3.4 A˚, O–NE2 5 2.9 A˚). Other
potential pathways are from S1 or S3 of the [3Fe-4S]
cluster to OG of Ser99 (S1–OG 5 3.4 A˚, S3–OG 5 3.4 A˚),
through bonds to the amide group, and then to the [2Fe-
2S] site as before.
The linear electron-transfer pathway implied by the
present crystal structure is consistent with the observed
structures of the two iron-sulfur centers, as these have
reduction potentials of 1300 mV or higher. The relative
magnitudes of the reduction potentials of the two iron-
sulfur centers are not known at present, but we empha-
size that it need not be the case that the Rieske center,Figure 6. Schematic Representation of the Proposed Reaction
clearly the terminus of electron transfer on the basis ofMechanism for the Oxidation of Arsenite by Arsenite Oxidase
the crystal structure, have the higher potential. In theThe oxygen atom transferred from water to arsenite during the cata-
lytic cycle is highlighted in red. nickel-iron hydrogenase of Desulfovibrio gigas, for ex-
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Table 1. Summary of Data Collection and Refinement Statistics
Crystal Forma P21 P1b
Data Collection
pH 8.5 6.4
Unit cell dimensions a 5 96.7 A˚ a 5 90.7 A˚
b 5 114.3 A˚ b 5 109.5 A˚
c 5 109.0 A˚ c 5 117.6 A˚
b 5 112.48 a 5 97.78
b 5 90.08
g 5 96.48
Wavelength (A˚) 1.746 0.98
Resolution range (A˚) 48.2–2.03 17.8–1.64
Number of observations 513,617 930,124
Number of unique reflections 131,366 507,315
Completenessc (%) 93.2 (74.9) 93.1 (71.5)
Rmergec (%) 5.9 (38.9) 5.6 (25.6)
I/s(I)c 16.4 (2.0) 9.6 (2.9)
Refinement
Resolution range (A˚) 20.0–2.03 17.8–1.64
Number of reflections
Working set 124,523 481,801
Free set 6,562 25,514
Number of atoms
Protein 14,524 29,772
Solvent 1,304 4,123
R factor (%) 19.3 15.4
Free R factor (%) 22.3 17.9
Average B factors
Main chain (A˚2) 26.5 14.6
Side chain (A˚2) 24.8 15.8
Solvent (A˚2) 32.4 27.3
Rmsd from ideality
Bond distance (A˚) 0.02 0.03
Bond angle (8) 1.8 2.6Figure 7. Schematic Representation of the Proposed Electron-
Transfer Pathways from the Molybdenum to Azurin or Cytochrome c a Statistics are shown only for the two data sets used in the final
refinements.
b The P1 crystal used in the final refinement was a HgCl2 derivative.ample, a linear sequence of four iron–sulfur centers is
c Figures in parentheses refer to the data in the outermost shell.found in the crystal structure, with one of the internal
ones being a [3Fe-4S] cluster of unusually high potential
[17]. It has been noted, in fact, that so long as the dis-
tance over which electron transfer occurs is shorter than Biological Implications
12–15 A˚, even “uphill” potentials as great as 300 mV are
not likely to constitute barriers to catalysis [18]. Arsenite oxidase from Alcaligenes faecalis and related
organisms catalyzes an important step in the environ-From the [2Fe-2S] cluster, electrons are transferred
either to azurin or cytochrome c [1], probably through mental arsenic cycle, converting the highly toxic arsenite
to the relatively more innocuous arsenate. In additionthe imidazole ring of His81. This role for His81 is sug-
gested by examination of the arsenite oxidase structure to its principal mode of action in binding to vicinal dithi-
ols such as glutathione, thereby disrupting intracellularin isolation: of the 4 cluster binding side chains, only
that of His81 is solvent exposed, forming a hydrogen redox-homeostasis, arsenite inhibits xanthine oxidase
by specifically binding to its molybdenum center. Earlierbond to a solvent molecule (NE2–O 5 2.8 A˚), and by
analogy with the Rieske domain of the bovine-mitochon- X-ray absorption spectroscopy (XAS) studies have dem-
onstrated that inhibition involves coordination of arse-drial cytochrome bc1 complex. In the “c1” state, the
Rieske subunit is oriented to form a hydrogen bond from nite to an active site Mo-SH in the reduced form of the
enzyme [19].the imidazole ring of the corresponding residue, His161,
to a propionate group of the cytochrome c1 heme [13]. From the present structure, it is evident that arsenite
oxidase avoids such inhibition by utilizing a fundamen-When the Rieske center of cytochrome bc1 in the “c1”
state is superposed on the arsenite oxidase Rieske cen- tally different type of molybdenum center than is seen in
xanthine oxidase and other molybdenum hydroxylases,ter, the mitochondrial cytochrome lies mainly in the
space between domains I and III of the large subunit. with the metal coordinated by two equivalents of the
pyranopterin cofactor and lacking a Mo-SH in the re-Although there is strong hindrance between arsenite
oxidase and the cytochrome so that this particular pro- duced form. Indeed, with its bis-enedithiolate coordina-
tion, the active site of arsenite oxidase is clearly a mem-tein, like horse heart cytochrome c [1], would not be
expected to be able to be reduced by arsenite oxidase, ber of another distinct group of molybdenum-containing
enzymes, those from bacterial sources that catalyze ox-it nevertheless appears likely that this is the site through
which electron transfer would occur. ygen atom transfer reactions. There are three subgroups
Alcaligenes faecalis Arsenite Oxidase
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Structure Solution and Refinementto this family of enzymes, possessing, respectively, a
Structure solution by the MIR method was initially attempted usingserine, cysteine, or selenocysteine ligand from the pro-
the P1 crystal data. Four heavy-atom sites were located in the EMTStein itself. The active site seen here for arsenite oxidase,
derivative by inspection of the 16 peaks in an anomalous Patterson
with a hydroxyl ligand in the position occupied in other map. In a similar way, eight heavy-atom sites were located in the
members of this family by a protein ligand, represents HgCl2 derivatives, of which four corresponded to the EMTS posi-
tions. Four further minor sites in the HgCl2 derivatives were identifiedthe first example of a new subgroup of this family of
in log-likelihood gradient maps calculated using SHARP [22]. Theenzymes that lacks any protein ligand to the metal.
Mo and Fe atoms of four independent arsenite oxidase moleculesThe present structure provides a basis for further in-
were located in a phased anomalous difference map, appearing asvestigation of the roles of specific amino acid residues
four similar sets of a single peak, a pair of peaks and a triangle of
and of the catalytic cycle. We are now working toward peaks, assigned as the Mo atom, a [2Fe-2S] cluster, and a [3Fe-4S]
obtaining additional structures, including the oxidized cluster, respectively. Despite this success, however, this approach
did not ultimately yield interpretable maps.and inhibitor-bound forms.
The structure was finally solved by the MAD method using the
P21 crystal data. Six anomalous scattering sites were located byExperimental Procedures
analysis of an anomalous Patterson map that was calculated using
the peak wavelength data. As it proved difficult to locate the individ-
Protein Purification
ual metal atoms using the P21 crystal data alone, the Fe and MoArsenite oxidase was purified from Alcaligenes faecalis NCIB 8687
atom positions were identified using the known coordinates from
as described previously [1].
the P1 structure. Four possible arrangements of the Mo and Fe
atoms, combining the two possible hands of the known P1 metal
Crystallization and Crystallographic Data coordinates and the two possible hands of the P21 metal site coordi-
nates, were generated by superposing the Mo and Fe atoms takenCrystals of arsenite oxidase in two space groups were grown at 48C
from the P1 model onto the P21 sites. For each arrangement, phasesusing the hanging drop vapor diffusion method. Crystals with space
were calculated using MLPHARE [21, 23] and improved with DMgroup P1 were obtained by equilibration against a reservoir solution
[21, 24], applying solvent flattening, histogram matching, and non-containing 12% polyethylene glycol (PEG) 17,500 and 0.1 M MES
crystallographic symmetry averaging. The correct solution yielded(pH 6.4). HgCl2 derivatives were obtained by cocrystallizing with
excellent density with right-handed helices. The map was further0.25 mM HgCl2 and equilibrating against a reservoir solution con-
improved with wARP [25], and the protein backbone was then tracedtaining 9% PEG 6,000, 10 mM CoCl2, 0.1 M CaCl2, and 0.1 M MES
using the automated procedure in the same package. The auto-(pH 6.4) or 9% PEG 10,000, 10 mM CoCl2, 0.1 M CaCl2, and 0.1 M
traced model consisted of 1814 residues in 2 independent mole-MES (pH 6.4). An ethylmercurithiosalycilate (EMTS) derivative was
cules, or approximately 95% of the total. Finally, the Mo and Feobtained by cocrystallizing with 2 mM EMTS and equilibrating
atoms, inorganic sulfide atoms, and molybdopterin guanine dinucle-against a reservoir solution containing 10% PEG 17,500, 0.4 M CaCl2,
otide (MGD) cofactors were added by hand to complete the initialand 0.1 M MES (pH 6.4). Crystals, which are brown colored due
P21 model. An initial P1 model was generated by superposing theto the bound iron-sulfur clusters, grew as flat plates with typical
metal sites in one P21 molecule onto the known P1 Mo and Fedimensions of 0.3 mm 3 0.3 mm 3 0.05 mm in approximately 2
coordinates.weeks. The crystals were invariably epitaxially twinned, consisting
The P1 and P21 models were refined using alternating cycles ofof two or more domains layered along the short crystal dimension.
optimization with CNS [26] and manual rebuilding in sA-weightedAlthough no perfectly single crystals were ever obtained, data could
2mFo-DFc and annealed mFo-DFc and log-likelihood gradient omitbe collected from selected crystals with very small twinning fractions
maps using the program XFIT from the XtalView package [27]. Inor from crystals that had been tapered by the surface of the hanging
the early stages of the refinement of the P21 model, combined mapsdrop, exposing an untwinned domain at the edge of the crystal.
incorporating the experimental phase information were also used.A single crystal with space group P21 was obtained by equilibra-
All maps were calculated using CNS. The P1 model was refinedtion against a reservoir solution containing 15% PEG 6,000 and 0.1
using the highest resolution data available, a 1.64 A˚ data set fromM Tris-HCl (pH 8.5). This crystal had dimensions of 0.3 mm 3 0.3
one of the HgCl2 derivatives. In the P21 case, because of concernsmm 3 0.2 mm and grew in approximately 2 weeks. Subsequent
about crystal degradation, the 2.03 A˚ inflection point data set firstattempts to reproduce this form have failed.
collected from the crystal was used. For each data set, 5% of theAs the crystals were sensitive to changes in temperature and
reflections were randomly selected for the calculation of Rfree andrapidly lost diffracting power at room temperature, all crystals were
were omitted from all other calculations. For both models, the CNSflash cooled in the cold room prior to data collection. This was
refinement used a maximum-likelihood target and included an over-accomplished by soaking each crystal in a cryoprotectant solution
all anisotropic temperature factor and a flat bulk-solvent correction.consisting of a 1:3 or 1:4 mixture of ethylene glycol:appropriate
This permitted all data to be used. In the final stages of refinement,reservoir solution for a few seconds before freezing in liquid nitro-
solvent molecules were added to the models using the automatedgen. During data collection, the crystals were maintained at approxi-
procedure in CNS. All solvent molecules in the final models corre-mately 110 K in a stream of nitrogen gas.
spond to peaks of at least 4s in log-likelihood gradient omit maps
and have real-space correlation coefficients of at least 0.71. Refine-
Data Collection ment statistics are given in Table 1.
Monochromatic diffraction data were collected from the frozen P1 As the amino acid sequence was initially only known for the 18
crystals using MAR345 imaging plate detectors on beam lines 7–1 residues at the N terminus of the large subunit [1], each residue
(l 5 1.08 A˚) and 9–1 (l 5 0.98 A˚, 0.80 A˚) at the Stanford Synchrotron was assigned manually during the course of refinement on the basis
Radiation Laboratory (SSRL). Data sets were collected on a native of (1) map density for the four independent molecules in the P1 form
crystal and three Hg derivatives. Anomalous diffraction data around and the two independent molecules in the P21 form and (2) hydrogen
the Fe edge for MAD phasing were collected from the frozen P21 bonding patterns. Further evidence for the identity of many cysteine,
crystal using an ADSC Quantum4 CCD detector operated by the methionine, aspartate, and glutamate residues was obtained from
software package BLU-ICE on SSRL beam line 9–2. The P1 crystals phased (Fo-Fo) maps comparing subsequent P21 data sets with the
had average unit cell dimensions of a 5 90.7 A˚, b 5 109.5 A˚, c 5 first. For approximately half of the methionine and cysteine residues,
117.6 A˚, a 5 97.78, b 5 90.08, and g 5 96.48, and the P21 crystal these maps clearly showed radiation-induced loss of the sulfur
had unit cell dimensions of a 5 96.7 A˚, b 5 114.3 A˚, c 5 109.0 A˚, atom, and for approximately half of the aspartate and glutamate
and b 5 112.48. All data were processed using MOSFLM [20] and the residues, the maps showed radiation-induced decarboxylation [28].
SCALA and TRUNCATE programs from the CCP4 program package Subsequently, the models were corrected using a DNA sequence
[21]. A summary of the data collection and reduction statistics is for residues 136–791 of the large subunit. Based on the agreement
between the two sequences for this portion of the protein, the 284given in Table 1.
Structure
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residues for which no sequence has been determined, comprising 12. Lu, G. (2000). TOP: A new method for protein structure compari-
sons and similarity searches. J. Appl. Crystallogr. 33, 176–183.residues 19–135 and 792–825 of the large subunit and all of the
Rieske subunit, are expected to incorporate approximately 30 incor- 13. Iwata, S., et al., and Jap, B.K. (1998). Complete structure of
the 11-subunit bovine mitochondrial cytochrome bc1 complex.rect amino acids, of which half will be Asp/Asn or Glu/Gln substitu-
tions, while the remainder will principally be truncations of long side Science 281, 64–71.
14. Iwata, S., Saynovits, M., Link, T.A., and Michel, H. (1996). Struc-chains such as Lys and Glu to Ala or Ser.
The final models were analyzed using the program PROCHECK ture of the water soluble fragment of the ‘Rieske’ iron-sulfur
protein of the bovine heart mitochondrial cytochrome bc1 com-[29]. All parameters are within acceptable limits. For the P1 model,
the Ramachandran plot shows 89.4% of protein residues in the most plex determined by MAD phasing at 1.5 A˚ resolution. Structure
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